Introduction
Use of cold rolled and annealed bake hardening steel for automotive applications is well established due to additional rise in strength during conventional paint baking operation. [1] [2] [3] [4] [5] Bake hardening is primarily achieved by the presence of controlled amount of solute carbon in steel matrix. Due to presence of solute C/N in this steel, it is prone to ambient temperature strain aging causing defect such as stretcher strain during forming of automobile component. 4, [7] [8] [9] [10] Due to this reason, there is a need for an optimum amount of solutes in this kind of steel. The factors affecting the bake hardening and aging behaviour have been dealt in various literature. [1] [2] [3] [4] [5] [6] Ultra low carbon (ULC) steel is the prime material for bake hardening (BH) grade, since it possesses excellent formability and it is easier to control the solute carbon to a desired level. However, automakers are concerned about the room temperature aging problem in these steels which, causes a large rejection due to stretcher strain. The requirement is that the material should possess sufficient shelf life so that it should not degrade during the transportation and storage before the final use. The estimation of the shelf life is important for the auto makers in order to control the inventory and produce the automobile components without any rejection, needing thereby a simple method for the prediction of shelf life in an industrial practice. The conventional method for assessing strain aging of steel has been performed by evaluating strain aging index i.e. rise in flow stress after accelerated aging test at 100°C after 7.5-10 % tensile deformation. 2, 6, 8, 11) This method does not suit for predicting ambient aging behaviour i.e. shelf life of temper rolled material used for manufacturing auto-components, where yield point elongation i.e. Luder strain is the main concern. Using Cottrell-Bilby model, 12) Hundy 13) presented an expression for simulating the aging behaviour, but this too deviates from the actual test data in case of temper rolled material. In view of the limited work in this area, the present work focuses on study of strain aging behaviour of ultra low carbon bake hardening steels and to formulate a simple method for predicting shelf life in an industrial practice.
Experimental
Steel sheet (0.7 mm thick) samples from four different heats of a commercial grade of bake hardening steel were taken for the present investigations. These steel sheets were produced through cold rolling-galvannealing-temper rolling (ϳ1.3 % deformation) route.
Dumbbell shape longitudinal tensile specimens (gauge length 50 mm and width 25 mm) were prepared from sheet samples and tested on a tensile machine (Instron Model 5 584) to evaluate tensile properties. For determination of the bake hardening strength, tensile specimens were prestrained to 2 %, and then heated at 170°C for 20 min in an oil bath furnace. The aged specimens were again tested on a tensile machine to measure lower yield stress. Bake hardening (BH) strength was evaluated as the difference in yield stress after baking and flow stress after prior deformation. To evaluate the strain aging index (SAI), the tensile specimens were pre-strained to 7.5 % and the corresponding flow
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stress (s1) was recorded. The strained specimens were heated at 100°C for 1 h in the oil bath furnace and then flow stress corresponding to reappearance of yield point (s2) was noted. Strain aging index (SAI) was evaluated as the rise in the stress (s1Ϫs2) during aging.
For assessing the kinetics of strain aging, tensile specimens were aged for various periods at different aging temperatures (T a ) i.e. 50, 70, 85 and 100°C. All aging experiments were performed in the oil bath furnace maintained at the above temperatures with an accuracy of Ϯ0.1°C. The lower yield strength (LYS) and yield point elongation (YP-EL) were then measured by conducting tensile test. The increase in the yield strength (Del-Y) was determined by deducting the average value of initial YS from the LYS after the aging treatment. In addition, to study the room temperature aging behaviour, the samples were aged for various periods (up to 3 months) in oil bath furnace maintained at 30°C and then Del-Y and yield point elongation were similarly measured.
To compare the aging behaviour between temper rolled and tensile deformed material, one of the steel (steel A) was given tensile deformation of 2 % and then aged at 100°C for various periods. Del-Y and YP-EL were measured as described above.
The amount of solute elements in these steels was assessed by measuring the Snoek-peak height using internal friction apparatus (ULVAC, IFT-1500Y, Sinko-Riko). The peaks were separated for carbon (Q C
Ϫ1
) and nitrogen (Q N Ϫ1 ) and then calculated for solute carbon and nitrogen by using the equation, NϭKQ N Ϫ1 and CϭKQ C Ϫ1 .
14)
3. Results
Alloy Chemistry and Properties
The chemical compositions of the steels taken for the present investigation are given in Table 1 . Alloying elements in these steels are almost similar with 20 ppm carbon and 10-15 ppm nitrogen. Nb is present in these steels is in sub-stoichiometric amount aiming to retain some solute carbon in solid solution for obtaining the bake hardenability (BH). Aluminium was primarily used as a de-oxidizer, which also interacts with N forming AIN. Mn and P have been primarily used for solid solution strengthening. These elements are also reported to affect the strain aging behaviour of steel. 4, 15, 16) Solutes C and N determined in these steel by internal friction are also shown in the Table 1 , which shows a significant variation in different steels i.e. solute carbon ranges from 4 to 5.5 ppm, whereas solute nitrogen varies between 0.5 to 1.6 ppm.
The properties of the steel are shown in Table 2 , which indicates that yield strength varies in a range of 212 to 238 MPa while tensile strength ranges from 336 to 369 MPa, respectively. The strain anisotropic ratio (r) and strain hardening exponent (n) are found to be in the range of 1.7-1.9 and 0.21-0.22, respectively, indicating good formability. Bake hardening strength in these steels varies in the range of 31 to 43 MPa, whereas the aging index varies from 26 to 37 MPa. It should be noted that the alloying elements in these steels are almost similar, but they show a large variation in the BH and SAI as compared to the tensile and formability properties. This may be attributed to the difference in the solute content present in the steel.
Strain Aging Behaviour
Yield point elongation (YP-EL) and Del-Y data for T a ϭ50-100°C were plotted as a function of aging time and shown in Figs. 1(a), 1(b) to Figs. 4(a), 4(b) for steel A, B, C and D, respectively. These figures reveal that there is some initial period required either to appear yield point or to cause any increase in the yield stress (Del-Y) at each aging temperature. This is as expected, since the process of strain aging is governed by the diffusion mechanism 14}. The yield point appearance time (t y ) for different steels differs as shown in Table 3 . As for example, at 50°C for steel A and D, it appears in 3 d and 1 d, respectively, as against in only 8 h for steel B or C. For appearance of yield point at any temperature, a minimum period is necessary that depends on the concentration of the solute and density of dis- locations present in the matrix. Since these steels were given the same amount of temper rolling reduction, the difference in t y appears to be due to the different level of solute content present in the steel (Table 1) . It is also observed that at higher temperature, t y is much shorter than that at lower temperature, revealing the effect of temperature on the diffusion process. From Fig. 1 to Fig. 4 , it is also clear that the both Del-Y and YP-EL rise continuously with the increase in aging time. As per the Cottrell theory, 12) rise in yield stress or yield point elongation is associated with the formation of solute atmospheres and saturation of stress field around the dislocations governs these phenomenon. At the aging temperature of 100°C, up to a certain period the rate of rise is slow like for other aging temperatures but, after a certain period, the Del-Y or YP-EL rises rapidly for steel B, C and D. tensile deformed condition than those of temper rolled condition.
Room Temperature Aging Behaviour
Results of the simulated room temperature (30°C) tests are shown in Fig. 6 . In this case also, a minimum period is needed for the appearance of YP-EL, but this period is much longer than that of higher temperatures. After this period, the YP-EL rises suddenly and finally becomes constant. The behaviour is almost similar in all steels i.e. YP-EL value saturates after certain period. In case of steel B or C, the maximum YP-EL is 0.5 % as against a lower value of 0.25 % for steel D. It was also noted that even after 3 months, rise in yield strength was very low (Ͻ10 MPa).
Kinetics of Strain Aging and Determination of Ac-
tivation Energy Kinetics of aging process was assessed using J-M-A 17, 18) as well as Cottrell-Bilby approach. 12) 
J-M-A Approach
The kinetic equation [17] [18] [19] used in the present investigation is as follows: where t y is time for a given fraction of transformation, and Q is activation energy for the governing process. In the present analysis, the time for yield point appearance was used as t y . The ln(t y ) was plotted for different steels as a function of 1/T, which is shown in Fig. 7 . It shows a straight line having nearly the same slope for all steels revealing the process to follow the above equation. The activation energy calculated from the slope for the different steels were found to be in the range of 89-102 kJ/mol.
Cottrell-Bilby Approach
The Cottrell-Bilby equation 12 ) is described below:
Where, N(t) is the number of solute carbon atoms diffused in time t, n o is average concentration of solute (atoms/unit volume), A is a parameter defining the magnitude of the interaction between the solute atom and dislocation and Dϭdiffusion coefficient. The YP-EL and Del-Y data were plotted as a function of (t/T) 2/3 in case of all steels. A typical plot for steel A is shown in Fig. 8 . The plot shows a straight line at each temperature for a short period of time indicating the process to follow the Cottrell-Bilby model during that period. Similar trend was observed for other steel. The slope of the curve (K) was determined in each case and then the activation energy was determined using Arrhenius Equation. i.e. DϭD o e
ϪQ/RT
, where Q is activation energy for the governing process (Fig. 9) . The activation energy thus determined was found to be in the range of 88-100 kJ/mol, which is similar to the values determined above by J-M approach and somewhat higher than that of the diffusion of carbon or nitrogen in iron. The activation energy for the diffusion of C and N in iron is reported to be 20.1 kcal/mol (ϳ84 kJ/mol) and 18.6 kcal/mol (ϳ78 kJ/mol).
20)

Prediction of Shelf Life
Hundy derived the following correlation 13) using Cottrell-Bilby model 12) to simulate the aging at different aging temperatures:
where, K is a constant (for carbon, Kϭ4 400; for nitrogen, Kϭ4 000), T r is room temperature (K), T is artificial aging temperature (K), t r is aging time at room temperature, T r and t is aging time at artificial aging temperature T. It enables the aging time at any temperature to be converted to an equivalent aging time at room temperature. The constant K was derived from the activation energy for the diffusion of C or N in iron. The above equation is reported to deviate from the actual data in temper rolled condition. 11) This could be due to the higher activation energy in the temper rolled material. The average activation energy (96 kJ/mol i.e., 23 kcal/mol) determined in the present results was used to re-calculate the K-value. The Hundy equation (Eq. (3) ) after the modification can be represented as follows:
The relationship for evaluating the equivalent aging time for room temperature (30°C) aging from the test conducted at higher temperature from Hundy as well as modified equation has been tabulated in Table 4 . It shows that the predictions made by Hundy equation would be much lower than that derived from the modified equation. For example, the equivalent aging time for Kϭ5 030 from 100°C data is around 2.5 times higher than that for Kϭ4 400, thus revealing that the predictions made by Hundy equation would be much lower than that of the actual shelf life.
Using the aging data for 100°C, the equivalent aging time for 30°C (RT) was calculated from Hundy equation (Eq. (3)) and modified Hundy equation in the present work (Eq. (4)). Figures 10(a)-10(c) show the relationship between YP-EL and predicted aging time from Hundy as well as modified Hundy equation for steel B, C and D, respectively and a comparison with the actual test data has also been made in these figures. It may be seen that the predicted data from Hundy equation is behind in each case, whereas the data predicted in the present results is close to the experimental data for all steels. In the present analysis, the shelf life was defined as the period, when yield point elongation reaches a value of 0.2 % at room temperature aging (30°C). It is expected that YP-EI beyond this level may result in severe stretcher strain in formed components.
21) The shelf life thus predicted was found to be 7 d, 7 d, 25 d for B, C and D, (Fig. 10 ) and 45 d for steel A (Fig.  11) . Similar analysis was done for one Ti stabilized steel and the shelf life was predicted to be 145 d (Fig. 12) . Table 4 . Calculation of equivalent aging time for room temperature aging from high temperature aging data. 
Discussion
Aging Behaviour
The rate of rise in Del-Y or YP-EL at 100°C increases after a certain period for steel B, C and D. Age hardening process has been reported to occur in two stages in low carbon steel. [4] [5] [6] [7] 22) First sage is associated with the Cottrell atmosphere formation, whereas the second stage is believed to be due to the precipitation of some carbide. However, carbide precipitation is not fully established in ultra low carbon steels. Sudden rise in Del-Y can be assumed to be due to precipitation of carbide but the rise of YP-EL simultaneously is not expected in this stage as per the existing knowledge. 4, [22] [23] [24] It appears that slow rate of rise of Del-Y or YP-EL up to certain period is due to temper rolling effect. In case of tensile deformation, a much higher rate of strain aging has been observed in steel A (Fig. 5) and also reported elsewhere. 10, 23, 25) Hundy 27) showed that in case of temper rolling reduction Ͻ3%, the deformation was not uniform and that alternate band of heavily worked and annealed metal exist perpendicular to the rolling direction causing the generation of residual micro-stress. Relaxation of this micro-stress generated during temper rolling might control the aging behaviour in temper rolled condition. After the release of the micro-stresses, the strain aging can become faster leading to a faster rise in Del-Y or YP-EL in steel B, C and D. The behaviour of steel A is somewhat different i.e. no sudden change. It could be due to lower level of solute atoms present in this steel.
Activation energy during aging process was found to be higher than that of the diffusion of carbon or nitrogen in steel. Rise in the activation energy could be due to the presence of Mn or P present in the steel. It is reported that Mn forms dipole in iron, which can enhance the activation energy. Effect of Mn on strain aging has been studied by earlier workers. 15, 16) Jones and Owen-Barnett 15) have found that a pure iron reached to a level of saturation in one month at room temperature after temper rolling, whereas the properties of mild steel, where Mn is the main difference, changed continuously over a period of 1-3 years. However, Edward et al. did not observe any effect of Mn at 250°C. Phosphorus content up to 0.1% has also been reported to decrease the strain aging. 16) These elements probably attract nitrogen, when in solid solution, slowing down the strain aging behaviour. Temper rolling effect on aging behaviour has been reported earlier and could be another reason for rise in activation energy. YP-EL vs. Del-Y plots (Figs. 13(a)-13(d) ) shows a straight line in the entire range for all steels, which indicates that both phenomenon are governed by a similar mechanism for the entire period. Wilson and Russel 25, 28) suggested that at the end of Cottrell atmosphere formation, the Luder strain became constant. Further increase in yield stress was ascribed to precipitation of carbides on dislocations. In the present case, since both Del-Y and YP-EL increase during the entire period, it is suggested that the Cottrell atmosphere formation is the main governing mechanism. The slope of the line indicates the YP-EL/Del-Y ratio (in Figs. 13(a)-13(d) ) and it varies in these steels. It is observed that higher the amount of solute, higher is the ratio.
Evaluation of Shelf Life
For predicting shelf life, YP-EL criteria has been selected in the present analysis, since the stretcher strain during forming of the component was reported to be related with yield point phenomenon. Aging data generated at room temperature also reveals a significant rise in YP-EL (Fig. 6) , whereas during this period, the increase in the yield strength was found to be insignificant (Ͻ10 MPa). Such a low rise in yield strength may not affect the forming operation. At the same time, the measurement in Del-Y may result in an erroneous value due to the variation in the initial YS for every sample, while YP-EL measurement does not involve such error. Thus this reveals YP-EL criteria to be better than that of Del-Y. It is interesting to note that the predicted shelf life is very low for both steels B and C i.e. 7 d, whereas for steel A or D, it was higher i.e. 45 d and 25 d (Figs. 10 and 11) . It is important to mention here that yield point appearance time, t y also varied in the same fashion in these steels (Table 3) . But prediction of shelf life using t y would not be possible in an industrial practice in view of large number of tests required to determine exact t y . Many steel manufacturers use aging index as a guidelines for estimating shelf life in BH steels. The present results do not reveal any relationship between the shelf life and strain aging index (Fig. 14) . It is due to the fact that the strain aging behaviour in tensile deformed condition in presence of high dislocation density is much faster than that in temper rolled condition (Fig. 5) .
To design a simple method to evaluate the shelf life in an industrial practice, YP-EL value at the aging temperature of 100°C for 1 h was selected as the aging parameter for accelerated test. Similar aging parameter (100°C for 1 h) has been recommended by Hundy, l8) however Jevons 29) suggested a longer period of aging for assessing the shelf life in low carbon steel. Figure 15 shows the shelf life evaluated for different steels as a function of YP-EL for 100°C/1 h. Based on this, a chart is also presented in Table  5 . Based on this relationship, an estimate of shelf life can be made using a single accelerated aging experiment and can be used in an industrial condition.
Conclusions
Activation energy for the strain aging process in these steels was found to be in the range of 88-102 kJ/mol, which is slightly higher than that of the diffusion of carbon or nitrogen in iron. Using the derived activation energy, K-value in Hundy equation was modified and used for shelf life predictions. Shelf life predictions made using Hundy correlation does not match with the actual test data in temper rolled condition, while those using the modified Hundy's equation derived from higher activation energy match well. Considering yield point elongation as the criteria, a simple method (accelerated aging test, 100°C for 1 h) has been suggested for the prediction of shelf life in an industrial practice. 
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